Miniaturization of gas chromatography (GC) instrumentation enables field detection of volatile organic compounds (VOCs) for chembio-applications such as clandestine human transport and disease diagnostics. We fabricated a mesoscale pulsed discharge helium ionization detector (micro-PDHID) for integrating with our previously described mini-GC hardware. Stainless steel electrodes fabricated by photochemical etching and electroforming facilitated rapid prototyping and enabled nesting of inter-electrode insulators for self-alignment of the detector core during assembly. The prototype was ~10 cm 3 relative to >400 cm 3 of a commercial PDHID, but with a comparable time to sweep a VOC peak from the detector cell (170 ms and 127 ms, respectively). Electron trajectory modeling, gas flow rate, voltage bias, and GC outlet location were optimized for improving sensitivity. Despite 40-fold miniaturization, the micro-PDHID detected 18 ng of the human emanation, 3-methyl-2-hexenoic acid with <3-fold decrease in sensitivity relative to the commercial detector. The micro-PDHID was rugged and operated for 9 months without failure.
Introduction
Volatile organic compounds (VOCs) play a major role in a variety of chemical, biological, medical, environmental, civilian and defense/military-related applications, such as exposure to environmental pollutants, chemical vapors for medical diagnostics and chemical and biological VOCs employed as chem-bio-warfare agents. 1 For field applications involving VOC detection, miniaturization of gas chromatography (GC) systems is essential. 2 Miniaturization of GC instruments includes decreasing the footprint of the overall package in order to improve size, weight, and power/portability (SWAPP) factors. We have extensively described the fabrication of a variety of monolithically-integrated micro-GC instrumentation previously, including valves, pumps, heaters, GC columns, sensors, and sample pre-concentrators, [3] [4] [5] [6] [7] [8] [9] for the detection of a broad range of chemical and biological VOCs. 10 Our overarching goal was to deploy a field-portable GC instrumentation package with excellent SWAPP factors. A final piece of this instrumentation package was the GC detector. Toward this end, we have focused over the past several years on the pulsed discharge helium ionization detector (PDHID).
The PDHID is a versatile, low power detector that is commercially available. 10, 11 The reasons for selecting the PDHID for miniaturization included the fact that it is both an universal and a selective detector, whilst not requiring radioactive isotopes for effecting the ionization of VOCs prior to detection. 12, 13 The PDHID employs photons generated during a helium (He) plasma discharge to photoionize the VOCs emerging from GC columns. The Hopfield emission band of He produces photons with an energy interval of 13.5 to 17.7 eV, which will ionize almost all VOCs with the possible exception of neon (Ne) and He itself. These electrons are directed toward a collector electrode by twin bias electrodes. The resulting changes to the current facilitates VOC detection with exquisite sensitivity in the femtogram range. 11 The PDHID is thus an ideal detector target for miniaturization. 14 Other groups have also recently reported the development of micro-discharge photoionization detectors for GCs. 15, 16 In this paper, we describe the fabrication of a mesoscale micro-PDHID that has a 40-fold smaller footprint compared to the commercial detector, but with comparable time to sweep a VOC peak from the detector cell relative to its commercial cousin. Performance evaluation of the micro-PDHID and comparison to the commercial PDHID performance involved the VOC 3-methyl-2hexenoic acid. The data demonstrated a less than 3-fold decrease in sensitivity for this VOC biomarker with the micro-PDHID relative to the commercial detector. With further optimization of gas flow rates, voltage biases and GC outlet position, even higher sensitivity was predicted. We will integrate the micro-PDHID with our previously described micro-GC and pre-concentrator and couple these with a small He gas canister, to launch a portable, handheld, field-deployable, GC instrumentation package for a broad range of VOC applications.
Experimental

Reagents and chemicals
Helium (He) (99.999% pure) was purchased from Mattheson Tri-Gas, Albuquerque, NM, and purified further with a He gas purifier before using it as the carrier gas with the micro-PDHID. There was no difference in detector performance with He gas of purities ranging between 99.999 and 99.9999%. 17 Solvents in the preparation and dilution of GC samples, as well as all other chemicals were reagent grade and purchased from Sigma-Aldrich (St. Louis, MO). Analytes for performance validation of the micro-PDHID, such as the human specific emanation 3-methyl-2-hexenoic acid and n-pentane, were analytical grade (AR) reagent 9 of the highest purity available from Sigma-Aldrich.
Mesoscale fabrication
Rapid prototyping techniques were used to speed manufacture the micro-PDHID and also to allow for design variations with 1.5 mm internal diameter and/or one quarter the length of the commercial PDHID (VICI, Valco Instruments Co. Inc., Houston, TX). The baseline design was studied extensively through experiments and modeling. Photochemical etching of the custom electrodes was carried out at VACCO (South El Monte, CA). The structure was made from stainless steel for ensuring chemical inertness. The stainless-steel could be passivated further through a variety of commercial processes such as the Silico Steel ® method for improved inertness. The scaled prototype was about 10 cm 3 compared to the commercial PDHID volume of greater than 400 cm 3 , thereby effecting an approximately 40-fold miniaturization. The central, active channel of the baseline prototype design has the same internal diameter as the commercial version (VICI, Valco), but at 17.5 mm in length, it was ~40% shorter. The photograph in Fig. 1 illustrates the key features of fabrication.
There are three fluidic connections to the micro-PDHID for He inlet, GC inlet and finally, the vent or exhaust. These connections were made in the two end caps using commercial swage fittings (VICI, Valco) that were designed specifically for GC applications. The ground pin for the high voltage (HV) plasma discharge was also installed using the same type of swage fitting. This approach allowed the axial depth of the ground pin to be varied and then locked into place by swaging. In the micro-PDHID prototype, the ground pin was fixed at the centroid of the HV electrode bore. The use of commercial GC fittings simplified GC connections to the micro-PDHID prototype, and also set a minimum size scale for the end caps. Future versions of the micro-PDHID will be made significantly smaller, about the size of one AA battery, by simply welding miniature stainless-steel tubing to the detector housing for fluidic connections. Mesoscopic electrical connections to the micro-PDHID were made using four standard SubMiniature version C (SMC) coaxial connectors to a custom ceramic circuit board (Fig. 1 ). The custom ceramic circuit board can easily withstand temperatures of 150 C or higher, which might be needed for certain detector applications. The SMC connectors are indicated by gold color in the photograph of Fig. 1 and by silver color in the solid model, also shown in Fig. 1 . The SMC connectors simplified connectivity to laboratory instruments. In a future version of the micro-PDHID, a single miniature, 4-pin connector with bias, signal, ground and HV lines will be employed.
Such a connector is commercially available (Positronic Industries Inc., Springfield, MO) and will further reduce the total connector size by about 75% of the current micro-PDHID prototype.
The solid model ( Fig. 1 ) allowed the central active channel of the micro-PDHID prototype to be visualized. The white cylindrical parts were machined annular ceramic (99.6% alumina) insulators, which together with the dark grey annular electrodes, created the central flow channel. The insulators are chemically inert and electrically isolate the bias, signal, and HV electrodes from each other. The unique electrode design allowed for nesting of the insulators so that the overall core of the detector could be self-aligned and compressed together into assembly. The electrodes also incorporated a tang for insertion into standard circuit board connectors (Mill-Max, Model # 0342; Mill-Max Manufacturing, Oyster Bay, NY). This method of fabrication, allowed for close spacing of the electrodes for miniaturization and robust, inexpensive manufacturing.
GC
The desired VOC analyte was injected into a GC capillary column and then directed toward the micro-PDHID for detection. Parallel experiments were conducted using the commercial PDID-D2 (Valco, VICI) for benchmarking the prototype detector performance against the commercial standard instrumentation. Baseline measurements were taken from signal intensity close to the elution/retention time of the desired analyte and these values were used to calculate background as described previously. 10 Peak area was calculated as volt-seconds. Each analyte was injected at least in triplicate during calculations of sensitivity. A Gerstel autosampler (Gerstel, Inc., Linthicum, MD) equipped with a heated agitator and a GC oven (6890N Agilent Technologies, Santa Clara, CA) with either a capillary (DB-5, 30 m × 0.32 mm × 0.25 μm film) or porous layer open tubular (poraPLOT-u, Agilent J&W, 27.5 m × 0.32 mm × 10 μm film) were used in the analyses. The GC oven was maintained at 80 or 100 C, the inlet to 250 C, a column pressure of 12 pounds per square inch (psi) with a split ratio of 10:1.
Micro-PDHID testing
The micro-PDHID was tested as follows: A laptop running Laboratory Virtual Instrument Engineering Workbench software (Labview 2013 program, National Instruments, Austin, TX) was used for data acquisition from a Keithley 6487 Picoammeter (Keithley Instruments, Cleveland, OH). The micro-PDHID prototype was placed inside an Agilent 5890 GC oven (Agilent Technologies, Santa Clara, CA) for ease of GC connectivity and temperature control. The bias voltage was provided by either a Stanford Research Systems (Sunnyvale, CA) PS350 supply or a Pacific Design Power (Pacific Power Source, Irvine, CA) 2k-15 power supply. The HV pulsing was provided by a Valco, VICI supply similar to that provided with their PDID-D2.
For diagnostic purposes, a custom-made and calibrated inductive pickup was created to examine the voltage and current delivered by the HV supply to the He plasma. In initial experiments, a Hamamatsu (Hamamatsu Photonics, Japan) Photo Multiplier Tube (PMT) was coupled to the micro-PDHID using an Ocean Optics (Dunedin, FL) optical fiber coupling system with a custom-made lens holder adapter. A Tektronix (Beaverton, OR) MS03054 Oscilloscope was used to capture the PMT and pickoff signals. It is important to note that the PMT apparatus was not used during GC/detection experiments, but rather only for initial plasma diagnostics. The HV pulse train has a frequency of about 4 kHz with a photo-emission duty cycle of about 40%, conditions that provide sufficient signal without overheating and sputtering the HV and ground electrodes. The maximum peak voltages during plasma ignition are roughly +/-325 V.
Modeling
The modeling of the electron trajectories within the micro-PDHID prototype was determined using the SIMION software modeling package (Scientific Instruments Services, Ringoes, NJ).
The software estimates the trajectories when the configuration of electrodes with voltages and the particle initial conditions are known. 18 The software "uses the potential array approach to estimate the electrostatic fields created by the defined electrode geometry". 18 The software is suitable for a wide variety of 2D or 3D systems and supports functionality in geometry definition, user programming, data recording and visualization.
Results and Discussion
Miniaturization is exceedingly important from the standpoint of creating a portable GC system for detecting VOCs. 2 Reducing power consumption and detector dead volume were equally important goals of our handheld micro-PDHID prototype for field testing. Consequently, the present work was focused upon understanding the impact of miniaturization upon detector performance and to use modeling in order to optimize gas flow rates, voltage biases and the GC outlet position for maximum sensitivity.
Initial optimization
The peak number of counts from the PMT was measured as a function of He flow rate into the micro-PDHID in order to understand the light emission intensity dependence upon He gas flow. Three samples were taken at each flow rate and the average and standard deviations were calculated as shown in Fig. 2 . There was a linear increase in detector signal intensity as measured by the PMT counts, between He gas flow rates of 30 to 35 mL per minute, followed by saturation at flow rates of 40 to 50 mL per minute. According to the output of the custom inductive pickup, in the present detector configuration, the plasma itself was unstable at flow rates of less than ~30 mL/ min. This correlated with both the reduction in light output and the detector signal at low flow rates. For flow rates greater than ~35 mL/min, the pickup signal, light output, and the detector response were all relatively stable.
Based upon these observations, photoionization was likely the largest contributor to the detector response in the present design and the flow rates tested, whereas the ionization of analytes by plasma interactions appeared to play a much smaller role. The light output from the plasma, which was used to photoionize the chemical analytes eluting from the GC column, stabilized above ~35 mL per min. For the remainder of the experiments, the He gas flow was maintained between 35 -45 mL/min.
Scaling and optimization
To begin to understand scaling and optimization of the micro-PDHID, we chose n-pentane as a target molecule since it has a well-known ionization cross section for modeling. Auto injections of 1 μL of n-pentane were used as a standard. The sensitivity to GC head pressure (proportional to GC flow rate) was studied for 15, 20 and 35 psi head pressures. While 35 psi produced faster elution times, the peak area was reduced relative to 20 psi, possibly due to peak rise times exceeding data acquisition rates. The GC peak area, width (full width at half maximum, FWHM), and peak height were next studied as a function of bias and GC column position for the case with a 20 psi GC pressure head. Generally, the performance measured in terms of signal intensity as well as peak area increased with bias and as the GC column proceeded further into the micro-PDHID up to a maximum of about position '-3' (Fig. 3 ). The FWHM also increased with bias voltage at a given position. This meant that arbitrarily increasing the bias to increase the peak area could result in the degradation of GC separation performance. The response at -100 V bias for positions -3 and beyond (i.e., the GC column getting ever closer to the HV source) is shown in Fig. 4 . This data, together with the data on the other positions shown in Fig. 4 along with the positions '1' to '-2' (data not shown), indicated that for n-pentane, with 20 psi pressure head, position '-3' yielded the best signal from the micro-PDHID. For this position, the FWHM at -50 V was roughly the same as that at -100 V, while the signal increased by ~22% due to the larger negative bias. Before adopting -3 position for maximum sensitivity, we wished to substantiate and further reinforce the experimental data with data obtained by modeling.
Modeling
In prior research, the SIMION modeling software has been used to evaluate charged-particle trajectories for optimizing ion mobility spectrometer (IMS) detector performance. 19, 20 In the present work, we utilized SIMION to simulate the trajectories of charged particles within the interior of the micro-PDHID for the ultimate purpose of optimizing detection sensitivity. For the studies presented here, the trajectories of electrons within the detector were simulated to estimate the efficiency of charge capture, information that can then be used to improve detector performance. The present work evaluated the time required to complete a model of 100 electrons generated at the various GC column positions. For GC position '0' and a bias of -50 V, for example, the model showed that the electrons moved in trajectories that were quasi-stable in the region of the collector resulting in long simulation times.
However, based on histograms of electron position (Fig. 5 ), approximately 50% of the electrons escaped the modeling volume rather than being collected. This work illustrated that design improvements can be predicted by modeling and implemented to further increase the sensitivity of the micro-PDID. This work is also relevant to our understanding size scaling. In the future, the model will be further refined to include gas dynamics.
3-Methyl-2-hexenoic acid detection
We chose the exemplar VOC, the human-specific compound, 3-methyl-2-hexenoic acid, to initially evaluate the micro-PDHID performance. The characteristic malodor associated with human axillary secretions was attributed to the presence of this compound due to the hydrolytic (or chemical) breakdown of its precursor compound by Corynebacteria. 21 For this preliminary evaluation, the GC outlet was positioned at the centroid of the collector electrode, the bias voltage was set at -25 V and the GC head pressure was set at 15 pounds per square inch (psi) and the results are shown in Fig. 6 . There was a linear increase in the peak area from the micro-PDHID response with increasing concentrations of the VOC, up to 500 ng. In this experiment, less than 100 ng of the analyte was detected. Subsequent experiments demonstrated that relocating the GC outlet, increasing the GC flow rate and negative bias, collectively contributed to an increase in sensitivity by a factor of at least 25 in the composite (detection limit, 18 ng). The micro-PDHID sensitivity was about two-fold better compared to a previous work, which quantitated 3-methyl-2-hexenoic acid using a gas liquid chromatography-mass spectroscopy (GLC-MS) system. 22 By way of further comparison to the commercial PDID-D2, the sensitivity was 5.7 ng, or 3-fold better relative to the micro- For light measurements with the PMT, the optical fiber was inserted into the GC port using a custom adapter. The adapter assured that the fiber was coaxial with the detector core, thus capturing the light travelling down the bore of the detector from the plasma source at the opposite end. Fig. 4 n-Pentane signal (peak area and FWHM) for various electrode positions and minus 100 V bias. Peak area for n-pentane along with FWHM is shown for the various positions of the GC outlet relative to the micro-PDHID core as depicted schematically in Fig. 4 . Position '-3' yielded the best signal response for n-pentane with regard to peak area. Values in the ordinate are multiplied by a factor of 10 -8 .
PDHID, albeit with a 40-fold larger footprint for the commercial detector. Our limit of detection (LOD) compares relatively favorably with the reported LOD value of 2 nmol/mL that was reported using GC-mass spectrometry (GC-MS). 21 However, GC-MS is a bench scale instrumentation not amenable for field analysis of chemical and biological vapors. Furthermore, miniaturized, portable MS instruments are years away from becoming a reality, whereas the micro-PDHID can be deployed at the time of this writing. Finally, further improvements in the micro-PDHID performance can be achieved by using the modeling data presented in this paper to bridge the performance gap between the micro-PDHID and the MS. The detector cell volume in the micro-PDHID was 100 μL compared to 127 μL of the commercial PDID-D2. Furthermore, the time to sweep a VOC peak from the detector was also comparable between the two detectors (170 ms for the micro-PDHID versus 127 ms for the PDID-D2). Thus, despite the dramatic 40-fold reduction in footprint of the micro-PDHID, its performance metric was comparable to the commercial detector. These results provided proof-of-concept demonstration of the functionality of the micro-PDHID for detecting biomarkers of human presence during civilian, military and clandestine situations.
Conclusions/Future Perspectives
The simplicity, universality and sub-ppb response of our micro-PDHID detector is advantageous for field applications of VOC detection in a variety of civilian, medical, environmental, military and defense-related situations. Although micro-PDHID devices were reported recently, 15, 16 these were at the laboratory fabrication level and unlike the assembled, finished, and packaged prototype shown in Fig. 1 . Incorporating up to five bias/collecting electrodes boosted the performance of the PDHID. 23 However, the tradeoff between increased sensitivity against portability necessary for field applications continues to be a consideration, particularly since the effect of these additional electrodes upon SWAPP factors is unknown. The micro-PDHID described here does not require a vacuum pump like MS instruments, and miniature vacuum pumps are years, perhaps decades, into the future. The micro-PDHID was also impressively rugged, operating nearly continuously for 9 months without a single failure. The micro-PDHID will run continuously for 9 h on a mini 1" diameter × 5" long He tank, which is 3 h longer than the battery life in our portable systems. Simple changes, such as the use of welded tubing, smaller connectors and reduced housing size can further reduce the micro-PDHID down to the size of a single AAA battery or even smaller footprint. The micro-PDHID will integrate with our previously x' and 'y' (panels A and B, respectively) less than 50% of the electrons remain within a range of roughly 1.5 to 3.5 mm of the collector, where they are more likely to contribute to detector signal. However, more than 50% of the electrons had a range of 5 mm, indicating that they escaped the model volume entirely, leaving the vicinity of the collector. This indicated that there was significant scope for improving the design and flow optimization in order to enhance charge collection and detector response. Despite these losses, the extant prototype demonstrated parts-per-billion (ppb) performance. Fig. 6 Detection of 3-methyl-2-hexenoic acid. GC-micro-PDHID combination was used to detect the human-specific volatile, 3-methyl-2-hexenoic acid. The linearity and dose-response for the detection and quantitation of this malodorous compound is shown utilizing the peak area of the micro-PDHID signal strength. Area is measured in V·s from the micro-PDHID electronics. described micro-GC 3 for handheld, sub-ppb to parts-per-trillion (ppt) level detection of multi-threat agents such as toxic chemicals, water contaminants, chemical warfare agents, explosives, along with biological volatiles, light gases, and volatile biomarkers for various diseases.
